Purpose: To assess the accuracy of two methods of determining the contact area between the compression paddle and the breast in mammography. An accurate method to determine the contact area is essential to accurately calculate the average compression pressure applied by the paddle. Methods: For a set of 300 breast compressions, we measured the contact areas between breast and paddle, both capacitively using a transparent foil with indium-tin-oxide (ITO) coating attached to the paddle, and retrospectively from the obtained mammograms using image processing software (Volpara Enterprise, algorithm version 1.5.2). A gold standard was obtained from video images of the compressed breast. During each compression, the breast was illuminated from the sides in order to create a dark shadow on the video image where the breast was in contact with the compression paddle. We manually segmented the shadows captured at the time of x-ray exposure and measured their areas. 
INTRODUCTION
In mammographic breast compression, the ability of determining and controlling pressure rather than force is growing in importance. Recent publications point out that controlling pressure can be beneficial in terms of reproducibility, pain, radiation dose, image quality, and detectability of breast cancer. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] For many years, breast compression has been susceptible to subjectivity and thus large variations in the applied pressure. With mammography systems indicating only the force applied by the paddle, but not the area over which the force is distributed, 14 the exerted pressure (force divided by area) could only be estimated based on subjective cues, such as skin tautness or the patient's perceived pain experience. Without an objective measurement, the variation in pressure cannot be determined and standardization based on pressure is impossible.
A complication for measuring the pressure applied on the breast during mammography is the requirement that pressure sensors, when positioned inside the x-ray beam, must be xray transparent so that they do not influence the x-ray image acquisition process. An alternative to the use of pressure sensors is to calculate the average pressure (P) applied by the paddle as P = F/A: the applied force (F) divided by the contact area (A) between the breast and the paddle. Recently, two methods for measuring the contact area became publicly available:
13 a real-time method based on an x-ray transparent foil attached to the paddle 2 and a retrospective method based on processing the DICOM image data. 1 The goal of this study was to assess the accuracy and the precision of these two methods. Both methods are increasingly often employed to establish the average compression pressure in mammography, for standardization, quality control, and scientific research in a growing number of research groups. 4, 5, 7, 8 
MATERIALS AND METHODS
The data for this study were obtained from a previous study performed in a breast cancer screening unit in Apeldoorn, the Netherlands. 2 Ethical approval was obtained from the Committee for Population Screening of the Netherlands Health Council. In this study, 433 asymptomatic women without breast implants, aged 49-75 yr (60.2 AE 7.8, mean AE SD) received a standard 4-view mammographic examination: one craniocaudal (CC) and one mediolateral oblique (MLO) compression for each breast. All compressions were performed on one mammography system (Selenia S, Hologic Inc., Bedford, MA, USA). Two compression paddles were used in the study: small (18 9 24 cm) and large (24 9 30 cm).
2.A. Capacitive contact area sensor
The two compression paddles were both equipped with a 0.17 mm thick optically transparent and radiolucent polyethylene foil coated with a 30 nm thick layer of electrically conducting indium-tin-oxide (ITO). The ITO foils were used to determine the contact area between the breast and the paddle in real-time during breast compression, by measuring the capacitance between the breast and the foil (the capacitance is proportional to the contact area; a more detailed description was published previously 2 ). For each compression, we recorded the contact area at the onset of the x-ray exposure.
2.B. Image processing software
The mammograms obtained from the study were also processed retrospectively using image processing software (Volpara Enterprise, algorithm version 1.5.2, Volpara Solutions Limited, Wellington, New Zealand). The image processing software derived the contact area based on the Digital Imaging and Communication in Medicine (DICOM) image pixel data and the assumption that the breast shape fits the semicircle model proposed in previous literature. 15 
2.C. Gold standard
To obtain a gold standard, video images of the paddle were captured from above using a video camera mounted on the mammography system, outside the x-ray field-of-view [ Fig. 1(a) ]. For each compression, we recorded the video image acquired at the onset of the x-ray exposure. A strip containing blue LED light sources was attached to the paddle [ Fig. 1(b) ], illuminating the side of the breast, but not the area where the breast was in contact with the paddle [ Fig. 1(c) ]. After correcting the video images for perspective and lens distortion, the dark areas were segmented manually and their pixel counts were multiplied by the pixel size to determine the contact areas.
2.D. Data selection
Due to technical reasons, lighting conditions were variable and it was not always possible to clearly distinguish the boundary of the contact area. To prevent selection bias, all compressions were grouped per study day, and the study days on which technical problems occurred were excluded entirely. The remaining set of usable data comprised 18 out of 28 study days for the small paddle, and 10 out of 28 days for the large paddle. From the usable data, we randomly selected (entire) study days and processed all compressions on those days sequentially until 150 compressions performed using the small paddle were included. The same procedure was performed for the large paddle, until 150 compressions performed using the large paddle were included.
2.E. Data analysis
We performed statistical analyses using statistical software (R, version 3.1, R Foundation for Statistical Computing, Vienna, Austria). The average contact area values obtained with the two measurement methods were compared to the gold standard using paired t-tests. The relationship between each of the two measurement methods and the gold standard was examined by calculating Pearson's product-moment correlation coefficient (r) and fitting a linear regression line to the data using the method of least squares. The level of agreement was further evaluated using Bland-Altman analysis, 16 with the limits of agreement defined as the mean of the differences between the methods AE 1.96 times the standard deviation. A P-value < 0.05 was considered significant.
RESULTS
Three hundred compressions were included in the study, of which 148 were craniocaudal (CC) and 152 mediolateral oblique (MLO). The mean contact area was 1 
resulted in a slightly larger variation, but the data still exhibited a strong correlation [r = 0.978; 95% CI (0.972, 0.982); P < 0.001] and a regression line even closer to the line of identity [ Fig. 2(b) ]. Figure 3 shows the results of the Bland-Altman analysis. The average bias is almost equal to zero for both methods, but Fig. 3(a) shows that the differences between capacitive measurements and the gold standard increased slightly with increasing contact area [r = 0.173; 95% CI (0.061, 0.281); P = 0.003]. When calculating the limits of agreement, we investigated the worst-case scenario by ignoring this correlation, because it is weak and the slope of the regression line is only 3.2%. In the differences with the DICOM image processing software, we found no significant correlation with contact area size [r = À0.037; 95% CI (À0.150, 0.076); P = 0.518]. The standard deviation of the differences was 0.0658 dm 
DISCUSSION
In this study, we analyzed two methods for determining the contact area between the breast and the paddle in mammography: measuring capacitance with an ITO foil and using DICOM image processing software. The outcomes were compared with manual segmentations of the contact area in video images of the compressed breast. Both methods were in good agreement with the manual segmentations (regarded as gold standard) and produced the same average contact area. The standard deviation of the difference with the gold standard was 5.5% of the average contact area with the capacitive method and 8.0% with the DICOM image processing software. These results show that the accuracy and precision of both methods are adequate to study compression pressure in large retrospective data sets from daily practice, where standard deviations of 43.1% and 50.6% are typical. 1 The capacitive method is sufficiently accurate and precise to be employed in real-time breast compression pressure feedback and standardization systems. 
4.A. Accuracy of calculated pressure
When calculating pressure via P = F/A, a difference or uncertainty in the contact area will be reflected in the calculated pressure. Figure 3 indicates that when the capacitive method is used, 95% of the measured contact areas will differ at most 0.13 dm 2 from the gold standard, and 95% will differ at most 0.19 dm 2 when the DICOM image processing software is used. The regression lines suggest that the precision (or difference with the gold standard) is only slightly (capacitive method) or not at all (DICOM image processing software) dependent on the size of the contact area. The error in the contact area, and consequently in the calculated average pressure, is therefore relatively larger for smaller contact areas. For example, for a contact area of 1.5 dm 2 , AE0.13 dm 2 equals AE8.7% and leads to À8% to +9.5% error in the calculated average pressure whereas for a contact area of 0.5 dm 2 , a measurement error of AE0.13 dm 2 equals AE26% and leads to À20% to +35% error in the calculated average pressure.
In retrospective studies, the mean of the calculated pressures will still be representative as long as a sufficiently large number of compressions is included. However, the effect of increased variance in pressure due to the increased relative error in contact area seems inherent to calculating average pressure using one of the methods investigated in this study. This effect could (partly) explain the significant dependence of variance on contact area reported in a prior study. 1 The uncertainty in P = F/A depends also on the error in the force measurement. Since the force is in the nominator, the percentage error in force translates directly to the percentage error in pressure. The measurement of the force applied by the paddle is typically calibrated to a precision in the order of 1 N. In the typical range of 40-250 N, this leads to a percentage uncertainty of 0.4-2.5%, which is small and generally negligible compared to the uncertainty in contact area. However, if the force applied by the paddle is not properly balanced to the force applied by the image receptor, the effective force on the breast may be different from the paddle force. 17 This effect can lead to major errors in the calculated average pressure on the breast, especially when small forces are applied.
4.B. Implementation in practice
In real-time compression pressure feedback systems, the large variance in calculated pressure for smaller contact areas can be problematic, as it may influence the technologist's decision on when to stop increasing the compression force. Due to an underestimation of the contact area, the technologist may decide to stop the compression at a lower force. This increases the risk of undercompression, because when using low forces, a substantial part of the applied force may be absorbed by juxtathoracic structures 3 or lost due to force imbalance. 17 A practical solution is to define a minimum contact area, and to round all smaller contact areas up to the minimum. For example, prior studies 2 have proposed and investigated the use of a minimum contact area of 0.5 dm 2 (CC) and 0.6 dm 2 (MLO).
4.C. Irregular contact area shapes
This study was performed on asymptomatic women without breast implants. The semicircle model assumed by the DICOM image processing software may be invalid for operated breasts, in which the contact area is typically smaller 11 and can have irregular and unpredictable shapes due to stiffened tissue resulting from scarring and irradiation. The capacitive method is not affected by this effect, because it does not depend on any assumptions about the shape of the contact area. In fact, even asymptomatic normal breasts can have slightly irregular contact area shapes, for example due to skin folds or suboptimal positioning. This may be an important reason why the precision of the capacitive method was found to be slightly better than that of the DICOM image processing software.
4.D. Limitations
In this study, the manual segmentations of the video images were regarded as the gold standard. It is possible that a part of the reported variation between the two studied methods and the gold standard is introduced by the process of establishing the gold standard. To determine how much of the variation is attributable to the gold standard, a repeatability study would be necessary in which the same breast would need to be repositioned and the video images reacquired multiple times. This is practically impossible because the results would be masked by the inevitable variance originating from the repositioning of the breast, which is much larger than the precision to be determined for the gold standard. On the other hand, the fact that all three methods produced the same average contact area strongly suggests that they are accurate. In addition, the determined variance between the methods is still relatively small and can be regarded as an upper bound for the real variance.
4.E. Clinical application
Both of the studied methods enable large-scale retrospective analyses of the compression practice at many imaging sites around the world. Using the DICOM image processing software has the advantage that no special hardware is required to determine the contact area; any compression practice can be analyzed, as long as the necessary DICOM image data are available. The capacitive method has the advantage that it can provide real-time feedback on the average applied pressure during the compression. 2 Technologists can use this feedback to objectively guide their compressions toward a certain predetermined target pressure, and to avoid extremely high or low pressures. Compared to the current force-based guidelines, guidelines based on pressure have much more potential to improve the breast compression procedure in terms of reproducibility, image quality, radiation dose, and patient comfort. 1 
CONCLUSIONS
The size of the contact area between the compression paddle and the breast can be determined accurately and precisely, both in real-time using the capacitive method, and retrospectively using image processing software. By enabling large-scale analyses of average compression pressure in daily practice, and the possibility to actively control applied pressure, these two methods may become the key to achieving large improvements in patient comfort and screening performance in mammography. Author to whom correspondence should be addressed. Electronic mail: w.branderhorst@amc.nl; Telephone: +31 20 56 65388.
